This study aimed to determine the mRNA and protein expressions of HIF-1α and SOD-1 in testes and epididymis of adult male roe deer during the periods of reproductive season. the mrna expression levels of investigated factors were examined using rt-pcr, while protein expression levels were evaluated using western blot analysis. differences between tissues within this period and between periods were evaluated. Testicular tissue exhibited lower HIF-1α and SOD-1 mRNA expression levels during all periods as compared to epididymal tissues. among the epididymal tissues, cauda epididymis showed higher HIF-1α mRNA expression levels in comparison with caput and corpus tissues in the pre-rut period, and not much lower sod-1 mrna expression levels in comparison with caput in all periods. Protein expression of HIF-1α was higher in the epididymis than in the testicular tissues in the pre-rut and rut periods. its expression was the highest in caput epididymal tissue compared with either the testicular, corpus and cauda epididymal tissue during rut and higher than corpus and testis in pre-and post-rut periods. testicular tissue was characterized by lower sod-1 protein expression levels than in epididymis in pre-rut and rut periods. This study indicates that the reproductive tract of male roe deer possesses a tissue-specific defense system which protects the tissues from oxygen deficiency damage, which is important during cyclic changes occurring in the reproductive tissues during the reproductive season.
Cells in an oxygen environment are exposed to the phenomenon of oxygen paradox. On the one hand, oxygen is essential to proper cell functioning by regulating many processes, but on the other hand its metabolites may damage cell structures affecting their functioning (de Lamirande et al., 1995; Sikka, 2004) . Testes and epididymis play a key role in the production and maturation of sperm cells. Epididymis is especially responsible for maintaining a proper environment that protects the epithelium of the epididymis and maturing spermatozoa (Hinton et al., 1996; Vernet et al., 2004) . Because cells of the mammalian reproductive system are highly sensitive to changes in oxygen levels, they are equipped with components which protect this structure from oxidative damage created by excess of reactive oxygen species (ROS) (Aitken and Roman, 2008; Chabory et al., 2010; Koziorowska-Gilun et al., 2013 , 2015 and from metabolic damages caused by oxygen deficiency (Palladino et al., 2004) . Prooxidative/oxidative homeostasis disorders force upon the cells compensatory processes leading to cell functioning in a new environment (Wenger, 2002) . Hypoxia-inducible factor 1 (HIF-1) is one of the most important transcription factors, whose overexpression has been shown in hypoxic conditions. In oxygen deficiency conditions it induces the expression of dozens of genes encoding proteins involved in processes adapting cells to a hypoxia (Semenza, 2000) . HIF-1 is a heterodimer consisting of two subunits α and β, and under aerobic conditions the VHL tumor suppressor protein (von Hippel-Lindau) aims HIF-1α subunits for polyubiquitination and then degradation in proteasome (Maxwell, 2005) , while the HIF-1β subunit is constitutively produced and present in the cell nucleus regardless of the oxygen concentrations. When the oxygen level is extremely low, protein degradation is inhibited and HIF-1α subunit enters the cell nucleus, connects with the HIF-1β subunit, which leads to the stimulation of HIF-1 gene expression in response to hypoxic conditions. Studies have shown the presence of the HIF-1α in normoxic rat, mouse and human testes and epididymis with a different segmental distribution (Powell et al., 2002; Palladino et al., 2004; Marti et al., 2002; Lysiak et al., 2009 ). There can be numerous differences in the levels of HIF-1α in individual tissues and segments of the reproductive tract during normoxia. One important difference is the oxygenation status of the epididymal luminal microenvironment which depends, among others, on the anatomical features, blood flow through the duct and the presence of ROS in the luminal fluid and spermatozoa (Kormano, 1968; Setchell, 2002) . It should be emphasized that among ROS, superoxide anion (O 2
•-) and hydrogen peroxide (H 2 O 2 ) are strongly involved in the regulation of cellular HIF-1 activity and increased production of H 2 O 2 in the cell enhances the transcriptional activity of HRE (hypoxia-inducible factor response element) (Chandel et al., 2000; Michiels et al., 2002; Schroedl et al., 2002; Wang et al., 2005) . The presence of O 2
•-and H 2 O 2 is closely linked by superoxide dismutase (SOD) facilitating the conversion of the first into the second one. Our previous studies showed the presence (mRNA expression and activity) of Cu/Zn SOD (SOD-1) in testes and epididymis of adult male roe deer (Capreolus capreolus). We particularly noted high activity of this enzyme during a very short rutting period (Koziorowska-Gilun et al., 2015) .
Taking into account the above mentioned dependence, the purpose of this study was to determine the mRNA and protein expression of HIF-1α and SOD-1 in testes and epididymis of adult male roe deer during three seasonal periods (pre-rut, rut and post-rut).
material and methods animals and reproductive tract tissues collections
The tissues of the reproductive tract were collected from fifteen hunted male roe deer aged 2-7 years (defined based on dentition), in the Bieszczady Mountains in southeastern Poland (49°17´N; 22°7´E). The samples were collected during three seasonal periods: pre-rut period -from 10th to 31st May, rut period -from mid-July to mid-August, and post-rut period -from 10th to 31st September. The number of animals in each analyzed period was five. All the animals lived in the wild and were culled in accordance with the Polish Animal Welfare Act. Immediately after killing, removed tissues of the testis and epididymis (caput, corpus and cauda) were wrapped in aluminum foil, shockfrozen in liquid nitrogen (-196ºC ) and stored at -80ºC, until required for analysis. The time between animal hunting and tissue collection did not exceed 2 hours.
preparation of tissues for total rna isolation and reverse transcription (rt)
Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich Chemicals Company (St Louis, MO, USA).
The dissected tissues of the testis and epididymis (caput, corpus and cauda) were homogenized in liquid nitrogen by mechanical grinding with the use of a Retsch apparatus (Retsch GmbH, Haan, Germany) and transferred to Lysing Matrix Tubes (MP Biomedicals LLC, Ohio, USA) containing 1 ml TRI-Reagent solution for total RNA isolation. Next, the tissues were homogenized in a FastPrep-24 apparatus (MP Biomedicals LLC, Ohio, USA) for 45 seconds. Following homogenization, RNA was isolated from the homogenates, using a total RNA Kit (A&A Biotechnology, Gdynia, Poland) according to a previously described method (Chomczynski and Sacchi, 1987) . The integrity of the RNA was proved by electrophoresis on 2% agarose gel bands. The RNA quality was measured as the 260:280 absorbance ratio.
The RevertAid™ Premium First Stand cDNA Synthesis kit (Thermo Fischer Scientific Inc., Waltham, MA, USA) was used to perform RT, according to the manufacturer's instruction. Briefly, aliquots of the RNA samples (1 µg) were reverse-transcribed and synthesis of cDNA was performed in a PCR Thermal Cycler (MJ Mini Thermal Cycler, Bio-Rad Laboratories Inc., California, USA) under the following conditions: 25ºC for 15 min, 50ºC for 25 min, 85ºC for 5 min and then held at 4ºC. Each sample used for RT was analyzed in duplicate. Then, aliquots of the RT products (single-stranded DNA, ssDNA) were 4-fold diluted with nuclease-free water and used for real-time PCR analysis, as described below.
real-time pcr analysis
The RT products were subjected to real-time PCR analysis, using a Real-Time PCR system (ABI 7900HT, Applied Biosystems, CA, USA) according to a previously described method (Koziorowska-Gilun et al., 2015) . Briefly, the reaction mix-ture for each real-time PCR analysis contained 1 µl template, 5 µl primer (Forward and Reverse), 15 µl Maxima SYBR/ROX PCR Mix (Thermo Fischer Scientific Inc., Waltham, MA, USA) and 4 µl nuclease-free water. Thermal cycling was initiated at 95°C for 10 min for DNA polymerase activation. Forty steps of PCR were performed, each one consisting of heating at 95°C for 15 sec and 60°C for 60 sec. Each ssDNA sample was assayed in duplicate. To design the primer sets, the Primer Express Software v3.0 (Applied Biosystems, USA) was used. The primers sets were designed on Ovis aries and Capra hircus genome. Sequence data were examined with the Basic Local Alignment Search Tool (BLAST) software for small ruminants, according to the accession numbers in the EMBL databases ( Table 1 ). The homology of each examined gene was at approximately 98%. Relative mRNA quantifications were carried out by comparing the genes of HIF-1α and Cu/Zn SOD (SOD-1) to the reference gene (C2orf29) and were expressed as arbitrary units, using the Real Time PCR Miner algorithm (Zhao and Fernald, 2005) . protein isolation and western blot analysis Protein fraction was isolated from deep frozen (-80°C) testicular and epididymal (caput, corpus and cauda) tissue samples. Tissue samples were homogenized in two steps. The first step comprised pre-homogenization of samples frozen in liquid nitrogen by mechanical grinding with the use of a Retsch apparatus (Retsch GmbH, Haan, Germany). The second step was transferring powdered tissue samples to lysing buffer TKM (50 mM Tris-HCl, 5 mM MgCl 2, 25 mM KCl, 0.25 mM sucrose, 0.2% IGEPAL, 0.4% EDTA, 0.4% EGTA) containing protease inhibitor cocktail in tubes with ceramic beads and were homogenized two times for 30 s in a FastPrep-24 (MP Biomedicals LLC, Ohio, USA). Next, samples were centrifuged at 350 x g for 10 minutes, obtained precipitate was diluted in 300 μL RIPA buffer with protease inhibitor cocktail and frozen in -20°C. Proteins (50 µg measured by Bradford method (1976)) were loaded on 8% SDS-polyacrylamide gels. Electrophoretic separation was performed at 150 V DC. Spectra Multicolor Broad Range Protein Ladder was used as protein standards (Thermo Fischer Scientific Inc., Waltham, MA, USA). After SDS-PAGE analysis proteins were transferred to 0.45 μm PVDF membrane using semi-dry technique. Transfer was carried out at 15 mA per blot. After electrotransfer, membranes were blocked with 5% non-fat milk in TBST buffer (50 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, pH 7.6) at 4°C overnight. Then, the membranes were washed out 3 times for 10 minutes in TBST and incubated 1.5 h at room temperature with primary specific antibodies dissolved in TBST solution: anti-HIF-1α, mouse monoclonal antihuman sc-53546, 1:150 (Santa Cruz Biotechnology Inc., Dallas, TX, USA); anti-SOD1 mouse monoclonal antihuman sc-271014, 1:150 (Santa Cruz Biotechnology Inc., Dallas, TX USA). As control protein, anti-Lamin B1: mouse monoclonal sc-377000, 1:400 (Santa Cruz Biotechnology Inc., Dallas, TX USA) was used. After incubation, the membranes were again washed out 3 times for 10 minutes in TBST and then incubated for 1 h at room temperature with HRP conjugated secondary antibodies: rabbit anti-mouse, A90-116P, 1:20000 (Bethyl Laboratories Inc., Montgomery TX, USA). Subsequently, membranes were washed out 3 times for 10 minutes in TBST solution and then 2 times for 10 minutes in TBS solution. Antigen-antibody complex was detected with the enhancer chemiluminescence SuperSignal West Dura Kit (Thermo Fischer Scientific Inc., Waltham, MA, USA) for 5 minutes in dark and imaged with ChemiDoc MP 4000 Imaging System (Bio-Rad Laboratories Inc., Hercules, CA, USA). Image Lab Software version 5.2.1 (Bio-Rad Laboratories Inc., Hercules, CA, USA) was used for densitometry analysis of protein bands.
statistical analysis
The mRNA and protein expression levels (arbitrary units) of HIF-1α and SOD-1 are presented as the mean ± standard error of mean (SEM) using the Statistica software package (StatSoft Incorporation, Tulsa OK, USA). All data were analyzed by one-way ANOVA followed by the Duncan multiple comparison test.
results

mRNA expression of HIF-1α and SOD-1
In all reproductive seasons, the HIF-1 mRNA expression levels were significantly lower (P<0.05) in the testicular tissues than in the other tissues (Figure 1) . The mRNA expression levels in epididymal tissues were similar to each other in all the seasons except for the pre-rut, during which cauda epididymal tissue exhibited significantly higher (P<0.05) mRNA expression than in the caput and corpus epididymal tissues and higher (P<0.05) in comparison with the rut period.
Values for mRNA expression levels of SOD-1 were significantly lower (P<0.05) in the testis compared with the epididymal tissues in all the analyzed periods and during the rut period when compared with the pre-rut and post-rut periods ( Figure  2 ). Among the epididymal tissues, the cauda epididymis showed the lowest level of SOD-1 mRNA expression as compared to the caput epididymal tissues, but the differences were not statistically significant (P>0.05). Differences in mRNA expression levels between the analyzed periods have been demonstrated only in case of corpus epididymal tissue; statistically higher (P<0.05) values were observed during the prerut as compared with the rut. 
Protein expression of HIF-1α and SOD-1
The protein expression of HIF-1α was significantly higher (P<0.05) in the epididymal tissues than in the testis tissues during the pre-rut and rut periods (Figu-re 3). During the post-rut period, significant differences (P<0.05) were demonstrated between the testis and caput and cauda epididymal tissues. The caput epididymal tissue exhibited higher protein level (P<0.05) of HIF-1α in comparison with either the testicular, corpus and cauda epididymal tissue during the rut and higher than corpus and testis in the pre-rut and post-rut. Protein expression of SOD-1 was significantly higher (P<0.05) in the cauda epididymis during all periods in comparison with testis and caput and corpus epididymal tissue (Figure 4 ). Caput and corpus epididymal tissue exhibited similar levels of SOD-1 protein expression during the rut and post-rut periods. In the pre-rut and rut periods, testicular tissue was characterized by low (P<0.05) protein expression levels compared to the epididymal tissue. During the post-rut period the highest level of protein expression (P<0.05) was observed in cauda epididymal tissue compared to the testis and caput and corpus epididymal tissues. Cauda epididymal tissue exhibited the highest levels (P<0.05) of SOD-1 protein expression during the pre-rut in comparison with the rut and post-rut periods. 
discussion
This study demonstrated for the first time to our knowledge the presence of mRNA and protein expression of HIF-1α in the testes and different segments of roe deer epididymis during three reproductive periods. In addition, SOD-1 expression was analyzed with regard to the role of ROS (in particular H 2 O 2 ) in the activation of the HIF-1α pathway. The seasonal variation in roe deer reproduction makes this species a good model for the observation of changes in the testes and epididymis during the breeding season (Schön and Blottner, 2009; Martinez-Pastor et al., 2005) .
We demonstrated stable low levels of mRNA of HIF-1α in testicular tissue during all three reproductive periods. In roe deer during the rutting period, the maximal amount of testosterone in serum and seminal plasma, high size and intensive meiotic activity of testes have been observed by Roelants et al. (2002) , Goeritz et al. (2003) , Kozioł and Koziorowski (2013) . These phenomena led to increased oxygen consumption by the testes. Setchell and Waites (1964) studied these structures and observed large oxygen consumption during steroidogenesis, low oxygen pressure (PO 2 ) and testes' small capacity to increase blood flow rates. They put forward the supposition that the testes function on the brink of hypoxia. In relation to our results, it would seem that high level of HIF-1α expression should be observed during the rut. We observed such a dependence, but only in case of HIF-1α protein expression levels. In turn, there were no differences in HIF-1α mRNA levels among the analyzed periods in testicular tissue. We assume that this result might be due to the conditions under which the experiments were performed: the normoxia with a varying intensity of oxygenation associated with testicular activity during the three reproductive periods. According to Lysiak et al. (2009) , testicular tissue constitutive HIF-1α stabilization in vivo differs from that of other tissues. First, the usual testis condition is rather hypoxic. Secondly, high levels of ROS in Leydig cells produced during steroidogenesis may stabilize the level of HIF-1α in testes (Hanukoglu, 2006) . Studies have shown that there is a link between oxygen tension and steroidogenesis in testes (Georgiou et al., 1987) . Cytochrome P450 -steroidogenic pathway enzyme uses molecular oxygen and hydrogen ions for the synthesis of steroid hormones. O 2 is produced by the "leakage" of electron during which the molecule undergoes oneelectron reduction of oxygen (Hanukoglu et al., 1993; Hall, 1994) . Finally, ROS produced by testicular macrophages may lead to the stabilization of the HIF-1α level in the testes (Allen et al., 2004) . These conditions probably cause the mRNA pool to be maintained on "constant like levels" during all the reproductive seasons. However, since the level of HIF-1α is regulated at the protein level, during the rutting season, when the oxygen consumption increases, the level of HIF-1α protein also increases, but during the pre-and post-rut season the level of HIF-1α protein is degraded due to the sufficient amount of O 2 required for the proper functioning of these structures.
To function properly the testes require an optimal balance between ROS and HIF-1α. It has been documented that increased production of O 2
•-and H 2 O 2 in the cell enhances the transcriptional activity of HRE (hypoxia-inducible factor response element) (Chandel et al., 2000; Michiels et al., 2002; Wang et al., 2005) . The presence of these two ROS is closely linked with SOD action. This study found the reversed dependencies in the mRNA and protein expression levels during the reproductive cycle, which may indicate important role of SOD-1 and HIF-1α in ensuring a proper oxygen microenvironment in the testes. Levels of mRNA for HIF-1α and SOD-1 are higher in the pre-rutting and post-rutting periods, but lower in the rutting period. It was quite the opposite in case of protein, whose level was higher during the rutting season and lower in the pre-and post-rutting periods. We suppose that this occurrence is regulated at the translation level which takes place mostly during the rut, when the demand for protein grows significantly during the intensive spermatogenesis and steroidogenesis (Klonish et al., 2006; Kozioł and Koziorowski, 2013) . Additionally, our previous research showed 20 times higher levels of active SOD-1 enzyme in the testicular tissue during the rut when compared to the pre-rut period (Koziorowska-Gilun et al., 2015) , which also testifies to the intensity of changes in the testes during the breeding season.
We generally observed higher levels of mRNA and protein expression of HIF-1α and SOD-1 in the epididymis compared to testicular tissue. Not much higher levels of SOD-1 mRNA in the caput epididymis compared to the cauda epididymis were detected in all the analyzed periods. Studies showed that spermatozoa originating from the caput epididymis had the ability to produce the highest amounts of O 2
•-, which is involved in the process of sperm chromatin condensation (Aitken and Vernet, 1998) . We suppose that the result obtained by us may be a response to the highest amounts of O 2 •-. The cauda epididymis, in turn, was characterized by high levels of SOD-1 proteins, which may indicate its important role in aiding processes connected with protecting its densely packed spermatozoa from oxidative stress (Perry et al., 1993) , especially because the spermatozoa of the cauda epididymis is capable of producing large quantities of free radicals, in particular H 2 O 2 (Fisher and Aitken, 1997).
It is still not known what causes the differences in HIF-1α distribution in the epididymis during normoxic conditions. There are three theories which may explain the differences in the distribution of the HIF-1α subunit along the epididymal duct. The first claims that the lower blood flow in distal regions than in proximal regions is caused by less complicated capillary networks of the distal regions of the epididymis (Kormano, 1968) . The second reason concerns the largest tubule diameter in the proximal segment of the epididymis, which results in a large diffusion distance for oxygen flow into the lumen (Palladino et al., 2004) . Finally, a densely packed spermatozoa in the cauda epididymis may cause low oxygen tension in that region (Aitken, 2002) . These theories indicate that the further the segment of epididymis duct, the greater the probability of occurrence of the state of hypoxia. This is consistent with our results, especially in terms of HIF-1α mRNA expression during the pre-rut. In turn, the protein level in this period was the highest in the caput and cauda epididymis. Because the theory states that ROS stabilizes HIF-1 levels and thus indirectly participates in protecting the spermatozoa present in the testes and epididymis (Semenza, 1999), we suggest that some differences in the levels of mRNA expression and protein result from ROS's ability to indirectly regulate HIF-1α translation.
In conclusion, our results confirm for the first time the presence and role of HIF-1α and SOD-1 in ensuring the proper oxygen environment in both the testes and epididymis of adult male roe deer. They also show the action and suggest cooperation of these two factors in vivo during the physiological reproductive cycle of roe deer. Although we did not intend to identify HIF-1α in the individual testicular and epididymal cells but in the tissue homogenate, we pointed out the important role of HIF-1α and SOD-1 in the proper functioning of the male reproductive tract during the breeding season. Since the results are affected by many factors, it is difficult to interpret them and so further studies on oxygen homeostasis in the testes and epididymis are necessary.
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